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This  report  represent*.  the  third  Investigation  by  an 
AFlT  student  In  the  area  of  rocket  thrust  variation,  A 
variable  thrust  gaseous  propel  lens  rocket  engine  incorporating 
a  variable  area  Injector  was  designed,  built,  and  tested.  This 
engirt©  r ©presents  a  significant  Improvement  over  that  of 
previous  designs  attempted  here  &t  AFIT  and  should  prove  to 
be  a  stable  and  reliable  tool  for  fw.'ure  investigations  in  this 
field. 

In  this  report ,  1  have  assumed  the  reader  has  a 
fundamentai  background  in  science  as  well  as  an  acquaintance 
with  rocket  propulsion  theory  and  terminology. 
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Abstract 

Tne  purpose  of  this  thesis  was  to  Investigate  the 
performance  of  a  variable  thrust  rocket  engine  Incorporating 
a  variable  ares  injector.  The  Injector  was  designed,  cons¬ 
tructed,  and  assembled  on  an  existing  thrust  chamber  which 
was  lengthened  and  provided  with  water  cooling.  Using 
gaseous  hydrogen  and  oxygen  as  propellents ,  an  extensive 
test  program  was  completed  at  the  AFIT  Rocket  Engine  Test 
Facility.  The  thrust  was  varied  over  a  continuous  range  from 
11  to  75  pounds,  resulting  in  a  throttling  ratio  of  6.82:1,  while 
the  specific  impulse  remained  nearly  constant.  The  transient 
response  of  the  engine  was  fast,  smooth,  and  accurate,  and 
no  indication  of  combustion  instability  was  observed  during  the 
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THRUST  VARIATION  OF  A 

GASEOUS  PROPELLANT 
ROCKET  ENGINE 


I .  introduction 


Background 

Today’s  rapidly  advancing  space  technology  continually 
demands  more  sophisticated  hardware  to  accomplish  its 
expanding  mission  requirements .  As  missions  increase  In 
complexity,  a  high  degree  of  space  vehicle  control  becomes 
essential.  Throttleable  rocket  engines  will  be  increasingly 
utilized  to  achieve  this  control.  The  Apollo  LEM  (Lunar 
Excursion  Module)  will  make  use  of  such  engines  to  execute 
its  lunar  landing  maneuvers. 

The  use  of  auxiliary  systems  to  perform  functions  outside 
the  capabilities  of  constant-thrust,  single  firing  devices  represents 
today's  solution  to  vehicle  velocity  control.  This  method  could 
conceivably  be  used  to  accomplish  the  intricate  maneuvers 
associated  with  lunar  and  interplanetary  missions.  However, 
from  the  standpoint  of  over-all  system  complexify  end  weight, 
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use  of  a  single  propulsion  device  with  sufficient  throttling  and 
restart  capability  to  perform  all  or  the  required  maneuvers  Is 
clearly  preferable  to  the  use  of  a  multiple  element  system. 

The  basic  disadvantage  of  providing  rocket  engines  with  a 
throttling  capability  Is  that  such  propulsion  units  must  be  more 
complex  than  constant -thrust  rocket  engines.  Poor  propellant 
mixing,  combustion  instability,  and  nozzle  separation  are  also 
problems  which  can  arise.  Therefore,  research  on  the 
throttling  process  is  necessary  for  the  development  of  efficient 
and  reliable  throttling  techniques. 

Problem 

The  purpose  of  this  thesis  was  to  design,  construct,  and 
test  a  rocket  engine  throttling  system.  The  design  objectives 
were  to  improve  the  performance  of  an  existing  throttleable 
rocket  engine  and  to  provide  an  engine  suitable  for  further 
research  on  the  throttling  problem.  The  test  objective  was  to 
evaluate  the  performance  and  response  of  the  rocket  engine  with 
respect  to  the  throttling  process.  The  engine  was  to  be  tested 
at  the  Air  Force  institute  of  Technology  (AF1T)  Rocket  Engine 
Test  Facility,  using  gaseous  hydrogen  and  oxygen  as  propellants 
Existing  equipment  was  to  be  utilized  as  much  as  possible. 

Previous  Work 

Very  little  work  has  been  done  on  the  throttling  of  gaseous 
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propellant  rockets,  liquid  propellant  rockets  having  ret.etved  most 
of  the  throttling  attention.  However,  in  recent  years,  there  has 
been  some  work  done  at  AF1T  on  rocket  thrust  variation  s  us’ng 
gaseous  oxygen  and  gaseous  hydrogen  as  propellants  because  of 
their  ready  availability. 

The  first  work  on  thrust  variation  at  AF1T  was  done  by 
Watkins  i  Ref  9 }  ,  who  examined  four  general  throttling  tech¬ 
niques:  a)  Throttling  valves  in  the  propellant  supply  lines, 
b)  contamination  of  the  propellants  with  inert  constituents ,  c) 
throat  area  variation,  and  d)  injector  area  variation.  After 
concluding  that  Injector  area  variation  heid  the  most  promise  for 
gaseous  propellant  rocket  engines,  he  designed  a  variable  area 
Injector  for  Installation  on  a  smalt  film-cooled  gaseous  rocket 
engine  which  had  been  designed  and  built  by  Ow  (Ref  4). 
Watkins  also  generated  a  series  of  theoretical  performance 
curves  for  this  engine,  using  a  computer  program  written  by 
Anderson  (Ref  T). 

Following  Watkins1  work ,  Smith  ( Ref  7 )  evaluated  thr 
design,  found  several  disadvantages,  and  then  designed  a 
different  throttling  system,  still  using  the  technique  of  injector 
area  variation.  The  injector  area  for  each  of  the  propellants 
was  varied  by  means  of  a  metal  plate  which  could  be  moved 
back  and  forth  over  a  fixed  orifice  plate.  The  movable  plates 
were  connected  to  a  shah  which  in  turn  was  connected  to  a 


throttle  arm. 


After*  reviewing  the  previous  weHk  done  In  this  field  s 
particularly  that  of  Watkins®  and  Smith,  It  was  decided  that  an 
extension  of  S»m!ih4s  s^srimenlal  work  was  the  most  iogfoal 
approach  to  the  problem,  Smith's  experiments  verified  that 
Injector  area  variation  Is  an  effective  method  of  controlling  the 
thrust  of  a  gaseous  propellant  rocket  engine.  His  report 
included  data  for  nine  steady  state  runs  which  were  conducted 
at  eight  different  fixed  throttle  positions.  Four  transient  runs 
were  reported,  but  there  was  no  instrumentation  provided  which 
would  indicate  the  throttle  position  or  the  injector  area  as  a 
function  of  time.  In  fact,  throttle  slippage  was  observed  during 
some  of  the  runs,  thus  precluding  even  an  estimate  of  injector 
area.  Therefore,  it  was  decided  to  more  thoroughly  investigate 
the  throttling  process  as  it  affects  the  performance  and  transient, 
response  of  a  gaseous  propellant  rocket  engine. 

Smith's  design  incorporated  several  salient  features: 

1 .  The  orifices,  each  of  which  consisted  of  a  flat  brass 
plate,  were  removable  and  easily  made.  Thusf  with  a  set  of 
different  orifice  plates,  one  could  vary  the  mixture  ratio  from 
run  to  run. 

2.  The  doors  which  slide  across  ih©  orifice  plates  were 
located  on  the  Inside  of  the  propellant  manifolds.  Thus,  they 
were  held  against  the  orifice  plates  by  the  differential  pressure 
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across  thorn  and  helped  maintain  an  effective  g*eal, 

3,  Th©  throttle  was  compisiefy  variable  i©  any  position 
from  fuffy  closed  to  fully  open. 

4.  The  design  was  simple-  and  contained  only  &  minimum 
of  moving  parts. 

There  were  several  shortcomings  in  Smith's  design  which 
could  not  be  corrected  by  modification  of  the  existing  equipment. 
Therefore,  it  was  decided  to  design  a  new  throttling  mechanism 
incorporating  the  desirable  features  of  Smith's  design,  and  using 
as  much  existing  equipment  as  possible, 


Th©  overall  design  ©f  the  throttling  mechanism  was  kepi  as 
simple  as  possible*  Basically,  St  consists  of  an  Injector*  incor¬ 
porating  two  separate  orifices*  one  for  hydrogen  and  one  for 
oxygen.  The  areas  o i  the  propellant  orifices  are  varied  by 
means  of  two  plates  which  slide  over  the  orifices.  The  move- 
able  plates  are  connected  to  a  single  throttle  shaft,  and  therefore 
move  s!fm.‘itaneously  as  the  shaft  is  turned  by  a  throttle  arm. 

The  details  of  the  Injector  can  be  easily  seen  on  the  photographs 
in  Figures  1  through  5,  and  on  the  drawings  contained  in 
Appendix  A. 

The  throttle  mechanism  Is  actuated  by  a  hydraulic  slave 
unit  which  is  connected  to  a  command  unit  in  the  control  room. 
This  system  provides  positive  manual  control  of  the  throttling 
mechanism  during  engine  operation.  A  schematic  diagram  of 
the  hydraulic  control  system  and  a  brief  outline  of  the  procedures 
used  to  prepare  it  for  operation  is  contained  in  Appendix  B. 

The  similarities  between  this  design  and  Smith's  design 
are  readily  apparent.  However,  this  design  corrects  several 
shortcomings  or  Improves  upon  several  aspects  of  Smith's 
design.  Since  this  redesign  could  not  be  accomplished  by 
modification  of  the  existing  equipment,  the  design  and  construction 
of  a  new  injector  was  necessary.  The  desire  to  utilize  as  much 
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existing  <6s£jufpm«rst  possible  fn  the  interests  o{  economy  mnd 
iima  Smi  to  the  design  of  an  Injector  which  bolls  directly  to  the 
existing  thrust  chamber.  The  face  of  the  injector  Is  flat  with 
one  opening  in  the  ©enter  through  which  the  oxygen  is  Injected  „ 
Ten  hoies  through  which  the  hydrogen  Is  Injected  are  arranged' 
in  a  circle  around  the  central  hole.  The  hydrogen  is  injected 
at  an  angle  of  30  degrees  to  the  centerline  of  the  chamber  and 
impinges  on  the  oxygen  flow  approximately  two  inches  from  the 
injector  face.  The  impinging  flow  injector  design  was  chosen 
to  promote  better  mixing  of  the  propellants ,  and  thus,  to  increase 
the  combustion  efficiency  of  the  engine.  Also,  this  design 
completely  eliminates  the  momentum  problems  encountered  during 
the  previous  investigation.  There  is  no  need  to  calculate  the 
momentum  of  the  propellant  flows  at  any  mixture  ratio.  The 
oxygon  flow  has  only  axiaily  directed  momentum  and  because 
of  the  symmetrical  arrangement  of  the  hydrogen  injection  holes , 
the  radial  components  of  momentum  of  the  hydrogen  flow  cancel 
each  other  for  any  flow  rate  or  mixture  ratio.  Thus,  the 
injection  geometry  tends  to  keep  the  center  of  combustion  away 
from  the  chamber  wails  and  the  injec tor  face,  and  by  so  doing, 
reduces  the  possibility  of  hoi  spots  or  burnout.  This  injection 
scheme  necessitated  the  addition  of  propellant  manifolds  down¬ 
stream  of  the  throttling  orifices,  thus  increasing  the  weight  of 
the  Injector.  However,  considering  the  use  of  the  system  only 
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a  laboratory  research  tool,  the  weight  penalty  we©  considered 
mfrsar  In  view  of  the  advantages  to  be  gained. 

The  propellant  orifices,  each  of  which  consists  of  a  flat 
brass  pi ate,  are  removable  and  easily  made.  This  feature 
permits  oxp or! mer&ai I a n  with  dlfferani  mixture  ratios  and  flow 
rates  simply  by  changing  orifices.  For  this  investigation ,  the 
orifices  were  lengthened  and  sign! 'leant  changes  to  their  geometry 
were  made.  The  orifice  openings  of  the  eld  design  were 
rectangular  in  shape  with  length  to  width  ratios  of  14,1  :  1  and 
6, 5;  1  for  the  oxygen  and  hydrogen  orifices,  respectively. 

Also,  the  lengths  of  the  two  openings  were  not  equal.  This 
configuration  resulted  in  a  varying  oxygen  to  fuel  Injection  area 
ratio  as  the  throttle  plates  pivoted  Over  the  propellant  openings, 
which  caused  the  mixture  ratio  to  change  with  throttle  position. 
The  new  orifice  openings  were  of  the  same  length  and  were 
curved  to  coincide  with  the  arc  swung  by  the  throttie  plates. 

This  modification  resulted  in  a  constant  area  ratio  between  the 
two  openings  over  the  entire  throttling  range.  The  length  to 
width  ratios  of  this  orifice  design  are  25,6:1  and  12.9:1  for 
the  oxygen  and  hydrogen  orifices,  respectively.  The  thinner 
orifice  openings  allowed  more  precise  control  of  the  propellant 
flow  areas. 

The  propellant  manifolds  were  made  larger  to  allow  the 
throttie  plates  to  clear  the  propellant  orifices  before  striking 


the  manifold  wall.  The  throtfi®  ©haft  was  made  1/2  Inch  irv 
diameter  ami  a  .  186  inch  diameter  hole  was  provided  radlisHy 
at  the  center  &i  the  shaft .  A  2  5/2  Inch  machine  screw 
Inserted  axJsily  through  the  ccnisr  of  the  thraitt*  arm  fit  true  this 
hole  and  eliminated  the  throttle  slipping  Which  occurred  in  the 
previous  design. 

The  use  of  separate  manifolds  for  the  hydrogen  and  oxygen 
eliminated  the  danger  of  propellant  cross!  eakage .  Thus,  no 
internal  sealing  was  required  In  the  Injector .  Two  ©-rings, 
held  in  place  by  steel  pressure  plates,  provided  the  external 
sealing  where  th»  throttle  shaft  entered  the  propellant  manifolds. 
This  shaft  seal  was  the  only  dynamic  seal  required  in  this 
design  . 

Twr  modifications  were  made  to  the  chamber: 

1  .  A  t  3/8  inch  sieeve  of  the  same  material  as  the 
chamber  was  inserted  between  the  aft  end  of  the  chamber  and 
the  nozzle.  This  resulted  in  a  20%  increase  in  the  characteristic 
chamber  length  ( L.* ) .  This  change  was  made  in  the  interest  of 
attaining  complete  combustion  of  the  propellants  within  the 
combustion  chamber,  thus  making  the  assumption  of  frozen  flow 
through  the  nozzle  more  valid.  Optimizing  L.*  was  not  considered 
to  be  important  for  a  laboratory  test  engine  of  this  type. 

2.  A  water  cooling  capability  was  added  to  the  combustion 
chamber  In  the  form  of  three  separate  coils  of  1/4  inch  copper 


tubing-  which  war®  wrapped  around  and  isoldered  to  fb©  chamber. 
This  tubing  Is  in  m^dUs&n  t&  ih&  tubing  previously  installed  an  the 
noacate.  Th®  uses  cf  four  small©?'  coil©  instead  of  one  large  coif 
rssulte  ift  &  greater  maos  flow  rata  of  coolant  without  the 
additional  complexity  ©f  a  pr#g#yri£MiQni  system  for  the  water 
coolant  supply.  The  building  water  supply  pressure  is  approxi¬ 
mately  SO  psig  at  the  test  facility.  The  cooling  was  provided  to 
help  maintain  wait  temperatures  wiihln  safe  limits  and  also  to 
reduce  the  time  period  required  for  cool-down  between  runs. 

Construction 

The  injector  components  were  bufit  and  assembled  in  the 
ART  Machine  Shop,  The  basic  structure  of  the  injector  was 
made  of  type  304  stainless  steel  because  of  Its  high  temperature 
properties  and  resistance  to  oxidation.  The  components  of  the 
basic  structure,  the  base  plate,  the  manifold  jackets,  the  mani¬ 
fold  spacer,  and  the  injector  covers  were  arc  welded  together. 
This  construction  technique  insured  no  crossleakage  of 
propellants. 

The  combustion  chamber  extension  was  made  of  type  1060 
cold  roiled  steel,  the  same  type  as  the  chamber  itself.  This 
type  steel  has  slightly  lower  strength  and  melting  point  charac¬ 
teristics  than  stainless  steel ,  but  it  offers  the  advantage  of 
higher  thermal  conductivity.  This  feature  increases  the  ability 
of  the  cooling  system  to  limit  the  chamber  wall  temperature. 


OAM/MS/67-5 


Asbestos  gasket®  were  used  as  seals  between  the  engine 
components,  which  were  assembled  with  high  strength  aircraft 


HI.  Thermoohemfeal  Date 

Theoretical  Performance 

The  engine  performance  at  a  mixture  ratio  of  2,9  with  a 
chamber  pressure  of  230  psia  was  chcsen  as  the  full  throttle 
base  line  performance  with  which  to  compare  the  effects  on 
performance  of  the  designed  throttling  method.  This  mixture 
ratio  and  chamber  pressure  were  picked  to  be  the  same  as 
in  the  previous  design  so  that  the  same  thermochemical  data 
would  apply.  This  mixture  ratio  was  chosen  in  the  previous 
study  to  limit  the  flame  temperature  { 2075° )  ,  thus  reducing  the 
possibility  of  burnout.  The  chamber  pressure  is  well  within 
the  safety  limits  of  the  equipment  and  was  selected  in  the  interest 
of  propellant  economy. 

The  nozzle  has  a  0.514  inch  throat  diameter  and  an  exit 

tc  throat  area  expansion  ratio  of  4.24:1  with  a  15  degree  half- 

angle  of  divergence.  Using  a  computer  program  written  by 

Anderson,  Watkins  generated  theoretical  performance  data  for 

this  nozzle  at  various  mixture  ratios  and  chamber  pressures 

( Refs  1  ami  9 ) .  The  basic  rocket  performance  parameters 

of  C*.  C.,  and  1  were  calculated  for  expansion  over  the 

f  sp 

given  nozzle  expansion  ratio  into  an  ambient  pressure  of  14.5 
psia  { the  average  ambient  pressure  at  the  test  facility)  rather 
than  for  expansion  to  a  specific  nozzle  exit  pressure,  which  is 
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ihe  common  practice  when  presenting  theoretical  performance. 
With  this  type  of  calculation,  the  theoretical  data  can  be  compared 
directly  with  the  experimental  results. 

The  assumptions  used  to  obtain  the  theoretical  performance 
data  are  the  following: 

f .  The  combustion  process  is  adiabatic. 

2.  Combustion  occurs  at  constant  chamber  pressure. 

3.  The  propellants  are  introduced  into  the  chamber  in 
gaseous  form  at  a  temperature  of  298. 15QK. 

4.  Homogeneous  mixing  of  the  propellants  is  attained. 

5.  Thermal  and  chemical  equilibria  exist  in  the  combustion 
chamber. 

6.  The  products  of  combustion  have  zero  bulk  velocity 
in  the  combustion  chamber. 

7.  All  species  behave  as  ideai  gases. 

8.  Dalton's  Law  is  applicable. 

9.  Nozzle  flow  is  steady,  isentropic,  and  one  dimensional. 

10.  The  relative  concentration  of  the  combustion  products 

remains  constant  during  the  nozzle  expansion  (frozen 
flow) . 

These  assumptions  are  generally  accepted  in  the  field  as 
appropriate  for  theoretical  calculation  of  rocket  engine  perfor¬ 
mance  (Ref.  8) . 
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All  data  was  coiiocted  on  a  Consolidated  Electronics 
Corporation  recorder  and  reduced  on  the  AF1T  IBM  iS20 
computer,  using  a  simplified  version  of  a  program  written  fay 
Anderson  { see  Appendix  C) »  The  program  output  data 
included  the  following  quantities:  Run  number,  throttle  position, 
thrust,  mass  flow  rates,  mixture  ratio,  chamber  pressure, 
characteristic  exhaust  velocity,  thrust  coefficient,  and  specific 


Impulse 


€5  AM/MS/67-5 


l  V,  Experimentation 


Test  Objectives 

Tte  purpose  ©j  the  experimental  s&eK  was  Us  determine 
the  performance  of  the  variable  thrust  rocket  engine  through  its 
throttling  range  for  the  designed  mixture  ratio  of  2.0.  These 
results  were  to  be  compared  with  the  engine  performance 
predicted  by  the  theoretical  analysis  in  order  to  determine  the 
effect  of  the  throttling  method  on  the  actual  rocket  engine 
performance.  The  maximum  throttling  capability  of  the  engine 
was  to  be  demonstrated.  Finally,  the  transient  response  of 
the  engine  was  to  be  determined. 

■Apparatus 

The  experimental  testing  of  the  variable  thrust  engine  was 
conducted  at  the  A  FIT  Rocket  Test  Facility,  Building  79 -D , 
Wright  Patterson  Air  Force  Base.  The  major  components  of 
the  facility  Include: 

1 .  Two  propellant  manifolds  for  gaseous  hydrogen  and 
gaseous  oxygen  and  *  gaseous  nitrogen  manifold  to  provide  a 
purge  and  control  system. 

2.  A  control  room  {Figure  6}  with  a  test  console  to 
control  and  synchronize  the  test  sequence,  and  a  Consolidated 
Electronics  Corporation  recorder  for  recording  test  data. 

3.  A  propellant  control  system  {Figure  7)  with  check 
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valves,  dome  pressure  regulating  valves,  and  solenoid  valves 
for  controlling  the  mass  flow  rates  and  pressures, 

4*  Two  Merscbel  voniurl  meters  with  associated  pressure 
transducers  and  thermocouples  for  measurement  of  the  data  from 
which  the  propellant  mass  flow  rates  were  calculated. 

5.  Necessary  piping,  wiring,  fnstru mentation,  and 
calibration  equipment. 

A  detailed  description  of  the  above  components  Is  presented 
in  the  Facility  Operations  Manual  {Ref  3). 

The  throttle  was  set  manually  for  each  steady  state  run. 
The  hydraulic  control  was  used  only  during  transient  runs  at 
which  time  the  throttle  position  was  measured  by  means  of  an 
electric  potentiometer  attached  directly  to  the  throttle  arm, 

Procedure 

1 .  t.oak  Check:  The  thrust  chamber  assembly,  as 
or^lnally  designed,  was  checked  for  leaks  after  plugging  the 
nozzle  and  pressurizing  the  chamber  to  75  psig  with  nitrogen. 
Leakage  was  noted  at  all  gasket  surfaces  when  the  leak  test 
solution  was  applied,  and  leakage  past  the  throttle  shaft  O- 
rlngs  was  excessive  and  considered  dangerous.  The  chamber 
leakage  was  corrected  by  seating  the  chamber  Joints  with 
electric  heater  element  cement,  but  attempts  to  stop  the 
throttle  shah  leakage  by  using  larger  and  stronger  seel  plates 


w«re  unsuccessful.  Therefore ,  the  injector  was  disassembled 
and  .500  inch  inside  diameter,  .  1 00  inch  height  rubber  O -rings 
were  installed  around  the  throttle  shaft  Inside  the  propellant 
manifolds.  The  O-rlngs  were  countersunk  into  the  manifold 
waits  (See  Figure  19  f n  Appendix  A),  held  in  place  by  brass 
plates,  and  lubricated  with  Airco  #20  L_ubricant  which  is  suit¬ 
able  for  oxygen  service.  The  engine  was  then  reassembled 
and  leak  tested  at  chamber  pressures  in  excess  of  300  psfg 
with  no  leakage  detected. 

2.  Cold  Flow  Runs:  The  first  set  of  runs  consisted  of 
nine  (9}  fufl-throtiie  cold  flow  runs  in  which  the  propellants 
were  flowed  through  the  engine  simultaneously  but  were  not 
ignited.  This  series  of  runs  was  accomplished  in  order  to 
make  an  initial  determination  of  the  propellant  supply  line 
pressures  and  the  pressure  regulator  loader  settings  required 
to  obtain  the  desired  propellant  mass  flow  rates. 

3.  Steady  State  Hot  Flow  Runs:  A  series  of  approxi¬ 
mately  twenty  (20)  full  throttle  runs  were  made  in  which  the 
propellants  were  ignited  in  order  lo  determine  more  exactly  the 
required  propellant  supply  line  pressures  and  the  pressure 
regulator  loader  settings.  Once  the  proper  line  pressures 
were  determined,  they  wer©  held  constant  throughout  the 
remainder  of  the  experimental  testing  program. 


The  first  few  runs  verified  that  the  water  cooling  was 
adequate ;  sine®  full  throttle  run#  of  up  to  7 .  S  seoonds  duration 
remitted  In  no  damage  to  the  engine.  Sines  only  3.5  seconds 
were  required  for  the  propellant  mass  flew  rates  and  the 
engine  performance  parameters  to  reach  steady  values  t  a 
standard  run  time  of  approximately  5  seconds  duration  was 
established. 

During  Shis  initial  set  of  runs,  an  occasional  '’pop*1  sound 
was  heard  over  the  test  ceil  Intercom  monitor  during  the  purge 
sequence,  investigation  revealed  that  the  hydrogen  propellant 
line  was  hot  in  the  vicinity  where  the  purge  gas  entered  the 
propellant  line.  Indicating  that  the  air  which  had  been  substi¬ 
tuted  for  nitrogen  because  of  its  ready  availability,  and  hydrogen 
were  igniting  in  the  propellant  line,  in  the  Interest  of  safety , 
the  us©  of  air  as  a  purge  gas  was  discontinued,  and  it  was 
replaced  by  nitrogen.  No  further  difficulties  with  the  equipment 
were  encountered  during  the  remainder  of  the  investigation. 

Following  the  initial  set  of  runs,  elghty~e?ghf  ^B8)  steady 
state  runs  were  made  at  various  throttle  settings  while 
attempting  to  hold  the  line  pressures  at  324  peig  and  282  psig 
for  the  hydrogen  and  oxygen,  respectively. 

4.  Transient  Runs:  The  hydraulic  throttle  control  was 
activated  and  ten  (10)  runs  were  made  with  cycling  of  the 
throttle  setting  during  each  run  while  propellant  supply  pressures 


runs  wane  made  in  which  the  throttle  w as  moved  through  Its 
range  in  oniy  t  second. 


V*  Results  and  Discussion 


S tmdy  Slate  Operation 

The  steady  state  data  are  tabulated  and  presented  in 
T-ahiss  I  through  V!i!,  on©  lab!©  for  each  of  th#  eight  throttle 
settings  used.  Each  table  includes  the  results  of  eleven  (11) 
runs  made  at  that  particular  throttle  setting  and  the  average 
of  the  results  for  those  eleven  runs.  The  average  thrust, 
mixture  ratio,  characteristic  exhaust  velocity,  thrust  coefficient, 
and  specific  Impulse  are  plotted  versus  throttle  setting  in 
Figures  8  through  12. 

The  effects  of  injector  area  variation  as  a  method  of  thrust 
variation  on  the  performance  of  the  gaseous  propellant  rocked 
engine  used  in  this  study  are  readily  apparent  from  Figures  8, 
9,  and  10,  The  characteristic  exhaust  velocity  rises  slightly 
at  the  lower  end  of  the  throttling  range  while  the  thrust  coeffi¬ 
cient  drops  slightly.  These  two  effects  tend  to  counter  each 
other,  thus  causing  the  overali  performance  parameter,  the 
specific  impulse,  to  remain  nearly  constant  throughout  the  entire 
range  of. throttling. 

The  mixture  ratio  { Figure  1 1 )  does  not  remain  constant 
over  the  throttling  range  as  was  desired  for  the  investigation. 
The  Injecotr  was  designed  so  that  the  ratio  of  the  two  propellant 
orifice  areas  remained  constant  throughout  the  throttling  range. 
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However,  the  relative  mass  flow  rates  of  the  propellants  vary 
somewhat  as  the  pressure  drop  across  the  orifices  is  increased 
at  the  tower  thrust  levels. 

The  thrust  versus  throttle  position  curve  (Figure  1 25  is 
non-linear  and  indicates  that  most  of  the  thrust  variation  occurs 
over  the  lower  half  of  the  throttle  range.  As  a  demonstration 
of  the  throttling  capability  of  the  system,  two  runs  were  made 
with  the  throttle  In  the  closed  position.  In  this  configuration, 
the  engine  idled  smoothly  and  showed  no  signs  of  combustion 
instability  while  producing  ft  pounds  of  thrust.  This  results 
in  a  demonstrated  throttling  ratio  of  6.82:1,  a  significant 
improvement  over  the  4:1  throttling  ratio  of  the  previous  design. 

The  experimental  steady  state  performance  parameters 
are  plotted  versus  chamber  pressure  and  are  compared  with 
theoretical  performance  parameters  in  Figures  t3  through  16. 

The  experimental  thrust  versus  chamber  pressure  curve 
(Figure  13  )  fs  about  3  pounds  higher  than  the  theoretical 
curve  except  at  the  lower  chamber  pressures  where  the  two 
curves  converge,  it  is  suspected  that  the  effect  of  the  assumption 
of  zero  bulk  velocity  of  the  gases  in  the  combustion  chamber 
(pg.  13)  causes  the  two  curves  to  diverge  at  the  higher 
chamber  pressures,  because  3  pounds  of  thrust  are  produced 
when  the  propellants  are  run  through  the  engine  at  full  throttle 
without  ignition. 
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|  The  experimental  characteristic  exhaust  velocity 

\ 

|  ( Figure  14  }  decreases  from  $2  e 6%  of  theoretical  at  1/8 

i 

I 

j  throttle  to  88,3%  of  theoretical  at  full  throttle.  This  result  Is 

{ 

probably  caused  fey  more  complete  combustion  ©f  the  propellants 
at  the  lower  throttle  settings  due  lo  the  longer  stay  times  at 
the  lower  thrust  levels.  Stay  time  is  defined  as  the  average 
time  spent  by  each  gas  molecule  within  the  chamber  volume 
(Ref.  8). 

The  experimental  thrust  coefficient  is  higher  than  the 
theoretical  thrust  coefficient  over  the  entire  throttling  range 
(Figure  15).  When  this  result  was  observed,  error  in  the 
experimental  data  was  suspected,  so  the  chamber  pressure 
and  thrust  Instrumentation  was  recalibrated ;  however,  no 
deviations  from  the  previous  calibration  curves  were  detected. 
The  data  reduction  computer  program  was  also  checked  and 
found  to  be  correct.  Thus,  there  is  either  error  in  the  cal¬ 
culation  of  the  theoretical  data  or  invalid  assumptions  were 
made.  The  comparison  of  experimental  to  theoretical  specific 
impulse  (Figure  16  )  is,  of  course,  merely  the  combination  of 
the  two  previous  results  discussed. 

Transient  Operation 

The  investigation  of  the  transient  response  of  the 
throttleable  engine  was  concerned  with  determining  how  closely 
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the  thrust  variation  followed  the  throttle  position. 

The  thrust  and  throttle  position  measurements  were 
obtained  directly  from  electrical  signets  which  are  nearly 
instantaneous  in  contrast  to  the  pneumatic  signals  involved  in 
obtaining  the  chamber  pressure  and  flow  rate  measurements. 
The  thrust  curves  for  the  transient  runs  are  plotted  and 
compared  to  the  steady  state  thrust  profile  in  Figure  17  *  No 
difference  in  the  transient  results  could  be  detected  between 
the  one  second  or  the  two  second  transient  runs.  It  was  noted 
that  the  force  of  the  hydraulic  actuator  on  the  throttle  arm  added 
to  the  thrust  reading  while  the  throttle  was  being  opened,  and 
that  the  thrust  was  reduced  while  the  throttle  was  being  closed. 
It  was  impossible  to  accurately  measure  this  effect,  so  it  is 
mentioned  here  qualitatively  and  not  accounted  for  in  the  plotted 
values  of  transient  thrust. 
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V I.  Conclusions 

? ,  The  results  of  this  investigation  verify  that  the  type  of 
injector  area  variation  used  In  this  study  5s  a  satisfactory 
method  of  varying  the  thrust  of  a  gaseous  propellant  rocket 
engine , 

2.  The  thrust  of  the  engine  can  be  varied  continuously 
from  11  to  75  pounds  while  its  specific  impulse  remains  nearly 
constant . 

3.  The  engine  demonstrates  rapid  and  accurate  response 
and  gives  no  indication  of  combustion  instability. 

4.  The  water  cooling  provided  sufficiently  limits  wall 
temperatures  for  runs  up  to  at  least  8  seconds  duration. 

5.  The  system  provides  a  stable  and  reliable  tool  for 
further  research  on  the  throttling  problem. 

6.  The  mounting  of  the  throttle  actuator  on  the  tost  stand 
prevents  an  accurate  determination  of  the  transient  thrust  curve. 
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V 15.  Recommendations 

Operations!  throttleable  racket  engines  will  probably  employ 
regenerative  cooling  techniques,  This  may  present  severe  heat 
transfer  problems  at  Sow  thrust  levels  when  the  propellant 
{ which  is  also  the  coolant)  mass  flow  rates  greatly  decrease 
and  the  flame  temperature  remains  nearly  constant.  Assuming 
that  the  fuel  is  used  as  the  coolant,  it  would  be  desirable  to 
operate  at  lower  mixture  ratios  at  low  thrust  settings  and  higher 
mixture  ratios  at  higher  thrust  settings.  Therefore,  it  is 
suggested  that  studies  be  made  to  develop  mixture  ratio  programs 
and  that  they  be  tested  on  the  existing  engine. 

Attempts  should  also  be  made  to  improve  the  thrust  profile 
of  the  engine  to  make  the  thrust  linear  with  respect  to  the 
throttle  position.  Both  of  the  above  suggestions  could  be 
accomplished  by  redesign  of  the  propellant  orifice  geometries. 

The  existing  engine  could  also  be  used  for  a  variety  of 
nozzle  design  studies.  If  any  such  projects  are  attempted,  it  is 
suggested  that  a  smaller  throat  diameter  be  used  in  order  to 
conserve  the  test  facility  gas  supply. 

Finally,  in  the  interest  of  obtaining  more  accurate 
experimental  data,  a  method  of  controling  the  throttle  position 
without  influencing  the  thrust  measurement  should  be  designed. 
This  could  be  done  by  mounting  a  hydraulic  or  electric  actuator 
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Average  70.3  2.07  239.9  7518.  t  .41  330.1 


ife*  '  ‘  “' Y 


.--  -  .-*%*  ^..\'~  -  -fix—  ’■*.-1 
-  *:  -v  fj  :  <•-•  ■  .'&.-?  .:-  y- 
•nr  '  i'  .  ^  . 


GAIsa/MK/6?-5 


.,  - .• y *-.v - . v,  >  <>:■•*’&>  ■;  •. ,{A  »•-  ; 1 ; 

,  :  •  .  —-  ■*  -  '■■S-3±:-  ft#*#’ 


<0 

© 

« 

*** 

4 

»o 

to 

a. 

{V 

to 

© 

* 

• 

« 

• 

* 

* 

* 

at 

* 

» 

* 

fro 

to 

0 

w> 

ty 

© 

0 

*r» 

ts 

4 

« 

CJ 

4 

to 

«0 

«o 

to 

to 

to 

*0 

*1 

<0 

to 

to 

*o 

?> 

**$ 

«o 

to 

*0 

<yj 

i/>  iO  iO 

4  4  4 


n  n  « 

444 


0  {*•**••*••** 


© 

» 

•4 

* 

. 

« 

* 

* 

* 

* 

♦ 

« 

• 

5 

to 

to 

ts 

to 

tO 

© 

ffi 

OJ 

c ft 

tv 

to 

« 

O 

4 

© 

©V 

«-* 

£t> 

« 

« 

to 

iO 

to 

£. 

•* 

4 

to 

Cif 

4 

to 

u> 

to 

© 

to 

to 

to 

jC 

* 

t* 

ts 

e* 

t* 

t- 

tv 

N 

iv 

IS 

t» 

ts 

ty 

h 

0 

f 

1 

so 

IS 

•** 

© 

> 

a 

*s 

a 

4 

4 

4 

4 

4 

4 

4 

4 

4 

to 

4 

to 

$ 

* 

« 

• 

« 

* 

• 

» 

* 

•* 

* 

* 

* 

c 

*, 

O 

N 

03 

O 

to 

O 

O 

4 

<0 

to 

<0 

-D 

g 

to 

tfl 

fO 

4 

4 

to 

4 

to 

4 

<0 

4 

4 

h 

£ 

0. 

<4 

« 

« 

N 

« 

N 

<0 

« 

£» 

<M 

<Nt 

N 

OS  Nl  «-  r- 

£V  O  ©  00 


Gy  »— 

Oi  o 


p«  r»  *« 


o*  fO 

a>  *• 


N  »*  Pj  r- 


10 

0 

O 

O 

O 

«o 

to 

0 

to 

to 

m 

CD 

• 

* 

• 

* 

• 

• 

* 

* 

» 

« 

• 

« 

«0 

to 

N 

r~ 

« 

•-* 

«••• 

a 

VMM 

*•* 

c*> 

N 

N 

t<- 

t> 

ty 

ty 

<D 

p- 

tO 

ty 

0 

to 

4 

to 

M 

4 

© 

to 

« 

© 

<0 

<*• 

0 

I" 

0 

r» 

0 

O 

© 

0 

at 

O 

0 

**• 

N 

ty 

a> 

© 

OS 

© 

£y 

<0 

© 

© 

CD 

© 

© 

CD 

© 

© 

33 


GAM/ME/67-5 


SPECIFIC  IMPULSE  PROFILE 


jsnjqx 


THRUST  PROF1L.E 


Figure  19 

MAN1FOL.D  SPACER 
Scale :  tit 


1  Req'd 


Bevel  for  Weld 


j. 


Section  A-A 

Figure  20 

MANIFOL.D  JACKET 
Scale:  ] :  I 

2  Req'd 
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Bevel  for  weld 


Figure  21 

INJECTOR  COVER 
Scale:  1  : 1 

2  Red’d 
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Figure  23 

THROTTLE  SHAFT 
Scale:  1:1 

t  Req'd 


Figure  24 

ORIFICE  PLATES 
Scale:  1:1 
1  each  Req'd 


Section  A-A 


Figure  25 

MOVEABLE  PLATE 
Scale:  2:1 
2  Req'd 


Figure  26 
THROTTLE  ARM 
Scale:  1  : 1 


1  Req'd 


Xis«*. 
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i 

cr 

Figure  2? 

Hydraulic  Control  Schematic 


Hydraulic  Control  System 


The  hydraulic  exactor  control  system  consists  of  a 
transmitter  and  a  receiver  connected  by  two  1/4  Inch  copper 
tubes  as  shown  schematically  above.  This  system  provided 
positive  manual  control  of  the  throttling  mechanism,  and  proved 
to  be  well  suited  for  its  application  In  this  investigation.  A 
brief  outline  of  the  procedure  used  to  prepare  the  system  for 
operation  follows,  as  an  aid  to  anyone  choosing  to  use  the 
apparatus  In  future  investigations. 

To  fltt  the  lines  and  eliminate  ail  air  from  the  system,  a 
hand  operated  hydraulic  pump  was  used.  Valves  1 ,  3  and  4 
were  opened  and  fluid  was  pumped  through  the  lines  until  no 
evidence  of  air  was  present  in  the  discharged  fluid.  Valves  1 
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and  2  are  hex  socket  ©crews  located  as  shown  In  figure  27. 

Valve  I  was  then,  closed,  valve  2  opened,  and  flu  Id  was 
again  pumped  through  the  Sines  io  eliminate  air.  Then  valve  3 
was  closed  and  the  system  was  pressurized  to  approximately 
50  pels,  or  until  the  temperature  compenis&tfne  indicator  on  the 
Iransmitter  indicated  approximately  the  ambient  temperature  of 
the  system.  Finally,  valves  2  and  4  were  closed  and  the 


pump  was  removed. 


Appendix  C 


Data  Reduction  Program 
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C  C  DATA  REDUCTION  PROGRAM  Dg  SROOT 
701  FORMAT  I  1  5.F6*  1  ,P5*  1  $P6*4*F5«2  *P6»  1  *F6-*0  *P5#2»F(>*  1 3 
100  R£AD*N»PA^»F*PCG»PHG*DPH*PC6*0PQ*TK,T0,PT 
AM*PAH6*.491 
PC»PCG-t  AM 
PH=PH6+AM 
PO=POG+AM 

RADI »PH#DPH*360*/TH 

FMH» #001419*  f 1 «— * 644*DPH/ PH ) *  SORT {RADI} 
RAD2«PO*DP0*56O./TO 

FMO® *00141 9*3 #98* C l«-»644*DPO/P0 )*$QRT { RAD2 I 

FMT=FMO+FMH 

FMR*FMO/FMH 

AT=3, 14159*, 514*. 514/4* 

C5TRX»PC*AT*32.174/FMT 

CFX=F/{PC*AT} 

5IMPX=F/FMT 

PUNCH701 »N  * PT  »F ,FMH • FMOiFMR  »PC»CSTRX ,CFX»$IMPX 

GO  TO  100 

END 
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?».  ABSTRACT 


The  purpses  of  this  those*  was  to  investigate  the  perfcnB&noe  of  a 
variable  thrust  rocket  engine  Incorporating  »  variable  aro*  injector. 
The  Injector  was  designed,  constructed,  sad  aseeaiblad  on  an  existing 
thrust  chamber  which  was  lengthened  and  provided  with  water  cooling, 
Gaseous  by  dragee  and  oxygen  were  used  as  propellents .  The  thrust  was 
varied  ever  a  continuous  range  from  11  to  75  pounds,  resulting  in  a 
throttling  ratio  of  6.82:1,  while  the  specific  impulse  remained  nearly 
constant.  The  transient  response  of  the  engine  was  fast,  smooth,  and 
accurate,  and  no  indication  of  combustion  instability  was  observed 
during  the  investigation. 


